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Abstract
Fission and fusion of mitochondrial tubules are the major processes regulating mitochondrial morphology. However, the
physiological significance of mitochondrial shape change is poorly understood. Glucose-stimulated insulin secretion (GSIS)
in pancreatic b-cells requires mitochondrial ATP production which evokes Ca2+ influx through plasma membrane
depolarization, triggering insulin vesicle exocytosis. Therefore, GSIS reflects mitochondrial function and can be used for
evaluating functional changes associated with morphological alterations of mitochondria. Using the insulin-secreting cell
line INS-1E, we found that glucose stimulation induced rapid mitochondrial shortening and recovery. Inhibition of
mitochondrial fission through expression of the dominant-negative mutant DLP1-K38A eliminated this dynamic
mitochondrial shape change and, importantly, blocked GSIS. We found that abolishing mitochondrial morphology change
in glucose stimulation increased the mitochondrial inner membrane proton leak, and thus significantly diminished the
mitochondrial ATP producing capacity in response to glucose stimulation. These results demonstrate that dynamic change
of mitochondrial morphology is a previously unrecognized component for metabolism-secretion coupling of pancreatic b-
cells by participating in efficient ATP production in response to elevated glucose levels.
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Introduction
Mitochondria are dynamic organelles, constantly changing their
shape and size through fission and fusion. Dynamin-related large
GTPases are the main components mediating mitochondrial
fission and fusion. DLP1/Drp1 mediates mitochondrial fission
whereas two mitofusin isoforms, Mfn1/Mfn2, and OPA1 are
involved in fusion of the outer and inner mitochondrial
membrane, respectively [1–5]. Fission and fusion events occur in
a balanced frequency to maintain normal mitochondrial mor-
phology. Mitochondrial fission and fusion have been implicated in
preserving proper mitochondrial function. Disrupted mitochon-
drial morphologies are associated with numerous human disorders
including neurodegeneration, cardiovascular disease, metabolic
disease, and aging. Mutations in fission/fusion proteins resulting in
hereditary diseases or lethal effect in humans indicate that
disrupted mitochondrial morphology is causal for the harmful
consequence presumably through mitochondrial dysfunction [6–
9]. In addition, mitochondrial poisons causing mitochondrial
dysfunction also induce disrupted mitochondrial morphology [10–
13]. These observations suggest that mitochondrial morphology
and function are closely linked and influence each other. However,
mechanistic link of the mitochondrial form-function relationship
and the physiological significance of mitochondrial shape change
are poorly understood.
Pancreatic b-cells are glucose sensors that regulate body
metabolism by secreting insulin. In response to elevated blood
glucose levels, b-cells take up glucose and metabolize it through
mitochondrial oxidative phosphorylation, which increases cellular
ATP concentration. The increased cytosolic ATP/ADP ratio
induces plasma membrane depolarization by inhibiting the ATP-
sensitive K+ channel. Subsequently, Ca2+ influx through the
voltage-dependent Ca2+ channel increases cytosolic Ca2+, which
directly triggers insulin vesicle exocytosis [14,15]. This series of
events, glucose-stimulated insulin secretion (GSIS), requires
glucose metabolism and mitochondrial ATP production and is
also referred to as metabolism-secretion coupling of pancreatic b-
cells.
It has been shown that mitochondria in primary b-cells and
insulin-secreting cell lines form highly interconnected reticulum
and are dynamic undergoing fission and fusion [16–20]. Pancre-
atic islets from human diabetic patients and diabetic animal
models often contain swollen and shorter mitochondria
[17,21,22], suggesting potential disruptions of mitochondrial
fission/fusion in diabetic conditions. However, it is unclear
whether this morphological change is causative, or is an effect
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from high glucose, cell injury, or additional factors in diabetic
milieu. Primary b-cells cultured in the presence of high fat or high
fat/high glucose displayed mitochondrial fragmentation and
apoptosis, indicating a gluco-lipotoxic effect on mitochondrial
morphology and cell function [20]. On the other hand,
experimental perturbation of mitochondrial fission and fusion
has been shown to affect GSIS [19,23–25]. However, underlying
mechanisms of how mitochondrial morphology and dynamics
participate in GSIS are not understood.
In this study, we used the GSIS to examine the role of
mitochondrial morphology in insulin secretion. Using the insulin-
secreting rat insulinoma cell line INS-1E [26], we observed rapid
mitochondrial shortening and recovery upon glucose stimulation.
Inhibition of mitochondrial fission abolished this dynamic
morphological change and blocked insulin secretion. We found
that eliminating the glucose-induced mitochondrial morphology
change decreased the mitochondrial ATP producing capacity in
response to elevated glucose levels by increasing mitochondrial
inner membrane proton leak. These results demonstrate that
dynamic change of mitochondrial morphology is a new compo-
nent of GSIS, controlling mitochondrial ATP production and thus
insulin secretion in pancreatic b-cells.
Results
Insulin secretion upon glucose stimulation in INS-1E cells
requires mitochondrial function and Ca2+ influx
We evaluated GSIS in the insulin-secreting rat insulinoma cell
line INS-1E. Stimulating cells with 20 mM glucose provoked
insulin secretion. Measuring the insulin accumulation in the
medium indicated a three to five fold increase by 30 minutes
(Fig. 1A). Unlike the parental INS-1 line, INS-1E has been shown
to have an optimal/maximal insulin secretion response at 15–
20 mM glucose concentrations [26,27]. Because 20 mM glucose
can be considered high enough to induce glucotoxicity, we tested
INS-1E cell death in 12 and 20 mM glucose incubations. INS-1E
cells in 20 mM glucose showed no difference from those in 12 mM
glucose and control incubations in cell viability up to 2 hours in
trypan blue exclusion assays (Fig. S1A). Additionally, propidium
iodide positive cells were less than 1% in all incubations with
different glucose concentrations (Fig. S1B), indicating no increased
glucotoxic effect with 20 mM glucose. Next, we tested the
requirement of mitochondrial function for GSIS in this experi-
mental system. Treating cells with the mitochondrial uncoupler
FCCP abolished GSIS (Fig. 1B). In addition, the mitochondrial
ATP synthase inhibitor oligomycin also blocked insulin secretion,
indicating that mitochondrial ATP synthesis is necessary for GSIS
(Fig. 1B). The penultimate step of the insulin secretion cascade is
the Ca2+ influx induced by the plasma membrane depolarization.
Nifedipine, a plasma membrane Ca2+ channel inhibitor, blocked
GSIS and so did chelating the extracellular Ca2+ by EGTA
(Fig. 1B). These results confirm previous findings [28–32] and
demonstrate that insulin secretion upon glucose stimulation in
INS-1E requires mitochondrial function and Ca2+ influx.
Glucose stimulation induces reversible shortening of
mitochondrial tubules
As shown in Fig. 1, GSIS requires normal mitochondrial
function. Because mitochondrial morphology is closely associated
with functional states of mitochondria [33], we next examined the
mitochondrial morphology in glucose stimulation. Mitochondrially
targeted green fluorescent protein (mitoGFP) was expressed in
INS-1E cells to visualize mitochondria. Three-dimensional recon-
struction of confocal image slices showed that INS-1E cells in
resting conditions contained tubular mitochondria forming net-
work organization (Fig. 2A, Video S1). We found that, upon
stimulation with 20 mM glucose, mitochondria rapidly became
short and fragmented within 15 minutes (Fig. 2B, Video S2).
Additionally, continuous incubation in the increased glucose
concentration revealed that mitochondrial shape in INS-1E cells
undergoes reversible changes with glucose stimulation. For
quantification of this morphological change, different mitochon-
drial morphologies were categorized into ‘Tubules’ for long
tubules of networks, ‘Fragments’’ for short tubules and small
spheres, and ‘Intermediates’ for intermediate length of tubules or
the mixture of tubules and fragments (Fig. S2). Cell counting at
different times indicated that the mitochondrial shortening peaked
around 15 minutes and long tubular mitochondria became
prevalent again by 30 and 60 minutes of glucose stimulation
(Fig. 2C). For more objective quantification, computer-assisted
morphometric analyses were also performed to calculate form
factor (FF) and aspect ratio (AR) of individual mitochondria that
represent shape complexity and length [34]. INS-1E cells in
Figure 1. Glucose-stimulated insulin secretion requires mito-
chondrial function and Ca2+ influx. (A) Insulin secretion of INS-1E
cells was measured at different times of 20 mM glucose stimulation.
Secreted insulin levels were determined by ELISA. Significant increases
of insulin were detected in 30-minute glucose stimulation. (B) Insulin
secretion was assayed in INS-1E cells incubated in 20 mM glucose for
30 min in the presence of FCCP, oligomycin (Olm), EGTA, or Nifedipine.
Error bars represent SEM. n= 3. * and *** are for P,0.05 and P,0.001,
respectively, with no glucose control.
doi:10.1371/journal.pone.0060810.g001
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resting conditions and glucose stimulation for 60 minutes
contained numerous mitochondria with higher values of FF and
AR, indicating that mitochondria are more elongated and
branched (Fig. 2D). On the other hand, in cells incubated in
20 mM glucose for 15 minutes, both values become smaller,
representing short and fragmented mitochondria (Fig. 2D).
Average values of FF and AR from cells stimulated for 15 minutes
were significantly lower than those from cells in resting conditions
and 60-minute glucose stimulation (Fig. 2E, F). These results
demonstrate that glucose stimulation of INS-1E cells induces rapid
and reversible shortening of mitochondrial tubules.
Inhibiting mitochondrial fission abolishes the glucose
stimulation-induced dynamic change of mitochondrial
morphology
Prevalence of shorter mitochondria upon glucose stimulation
raises a possibility that mitochondrial fission may play a role in
insulin secretion. We tested whether mitochondrial fission is
required for mitochondrial shortening and fragmentation observed
in glucose stimulation. Adenovirus carrying the dominant-negative
fission mutant DLP1-K38A (Ad-DLP1-K38A) was used to inhibit
mitochondrial fission [35]. Immunofluorescence for DLP1 indi-
cated that the adenoviral transduction resulted in expression of
DLP1-K38A in all cells in culture by 48-hour post-infection,
judged by characteristic bright aggregates formed within the
cytoplasm [3,36] (Fig. S3). We examined mitochondrial morphol-
ogy in INS-1E cells co-infected with Ad-DLP1-K38A and Ad-
mitoGFP. While mitochondrial hyperfusion upon fission inhibition
was less appreciable in resting conditions due to highly intercon-
nected networks of INS-1E mitochondria [16,18,19], we found
that the long tubular mitochondrial morphology persisted in
glucose stimulation (Fig. 3A and B, Videos S3 and S4). Both cell
counting and morphometric analyses demonstrated a prevalence
of long tubular mitochondria regardless of glucose stimulation in
DLP1-K38A-expressing cells. Mitochondria in control cells
infected with Ad-LacZ along with Ad-mitoGFP were short and
fragmented at 15-minute glucose stimulation whereas those in Ad-
DLP-K38A-infected cells maintained tubular mitochondria in
glucose stimulation (Fig. 3C). Morphometric analyses also
demonstrate the persistence of long tubular mitochondria in
DLP1-K38A-expressing cells in glucose stimulation (Fig. 3D). In
addition, increased values of FF by DLP1-K38A expression
indicate that fission inhibition induced the formation of elongated
tubules and network structure. A slight decrease of AR in DLP1-
K38A cells suggested that mitochondrial tubules were longer and
thus more curved, resulting in decreased maximal axis values in
shape analyses. These data indicate that mitochondrial fission is
necessary for mitochondrial shortening and that inhibiting fission
eliminates the dynamic mitochondrial shape change in glucose
stimulation.
Inhibition of mitochondrial fission blocks glucose-
stimulated insulin secretion but does not affect the KCl-
induced insulin secretion
To test whether the glucose-induced mitochondrial shape
change plays a role in GSIS, we assessed the insulin secretion in
INS-IE cells expressing DLP1-K38A. In control cells infected with
adenovirus carrying green fluorescent protein (Ad-GFP), insulin
secretion increased to a level indistinguishable from that in
uninfected normal INS-1E cells (Fig. 4A). Remarkably, however,
we consistently found that cells infected with Ad-DLP1-K38A
showed little increase in the secreted insulin level in glucose
stimulation (Fig. 4A). To substantiate this finding further, GSIS
was tested with 12 mM and 20 mM glucose concentrations and
expressed as % content (Fig. 4B). The amounts of secreted insulin
in basal conditions showed no difference in both control and Ad-
DLP1-K38A, indicating that fission inhibition does not affect basal
insulin secretion (Fig. 4B,C). However, we found that cells
expressing DLP1-K38A were unable to secrete insulin further in
response to both 12 and 20 mM glucose stimulations (Fig. 4B,C).
These results demonstrate that preventing glucose-induced mito-
chondrial shortening blocks insulin secretion, suggesting that the
fission-mediated mitochondrial shape change plays an important
role in the GSIS.
The metabolism-secretion coupling for GSIS requires the
plasma membrane depolarization that induces the Ca2+ influx
for insulin vesicle exocytosis. This mechanism was maintained in
the INS-1E cell line as direct plasma membrane depolarization by
KCl evoked insulin secretion in INS-1E cells (Fig. 4B). To
determine where mitochondrial fission participates in the GSIS,
we tested the effect of inhibiting mitochondrial fission on the KCl-
induced insulin secretion. We found that KCl stimulation of INS-
1E cells infected with Ad-DLP1-K38A still increased secreted
insulin levels, demonstrating that the fission inhibition has little
effect on insulin secretion upon KCl stimulation (Fig. 4B,C). These
results indicate that fission inhibition affects neither plasma
membrane depolarization nor insulin vesicle exocytosis, and
suggest that impaired insulin secretion by fission inhibition is
likely due to altering mitochondrial function.
Eliminating dynamic mitochondrial shape change
diminishes mitochondrial capacity to increase ATP
production in glucose stimulation
Our results suggest that mitochondrial morphology change may
play a role in ATP production by mitochondria during GSIS. We
first measured cellular ATP levels during glucose stimulation in
INS-1E cells. INS-1E cells produced ATP mainly from mitochon-
drial oxidative phosphorylation, as more than 90% of the total
ATP contents were oligomycin-sensitive (Fig. 5A). ATP levels
assayed at different times of continuous glucose stimulation
showed a significant increase of ATP levels up to 30 minutes with
a trend of decline afterward (Fig. 5B). Net ATP changes calculated
for each 15-minute period indicated that the ATP increase
occurred during the first 30 minutes of glucose stimulation and no
further ATP increase was observed for the next 30-minute period
(Fig. 5C). Notably, the approximate time frame for the increase
and decrease in ATP levels during glucose stimulation appeared
comparable with mitochondrial shortening and recovery that we
observed (Fig. 2). To further investigate the role of mitochondrial
fission in ATP production, we tested the effect of fission inhibition
on cellular ATP levels. In resting conditions, there was no
significant difference in cellular ATP levels between control and
DLP1-K38A-expressing INS-1E cells. We found that glucose
stimulation for 30 minutes increased the cellular ATP levels by
approximately 50% in control cells. In cells expressing DLP1-
K38A, however, this glucose-stimulated ATP increase was
significantly suppressed (Fig. 5D). These data indicate that
inhibition of mitochondrial fission causes a deficiency in
mitochondrial ATP producing capacity in response to increased
glucose levels.
We also measured the mitochondrial inner membrane potential
in control and DLP1-K38A-expressing cells. In basal conditions,
there was no difference in the inner membrane potential between
LacZ- and DLP1-K38A-infected cells as measured by the
potentiometric probe tetramethyl rhodamine ester (TMRE)
(Fig. 5E). We also used the rhodamine123 fluorescence quenching
method [26,37] to test the effect of glucose stimulation on the
Mitochondrial Fission Regulates Insulin Secretion
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Figure 2. Glucose stimulation of INS-1E cells induces reversible shortening of mitochondrial tubules. (A, B) 3-D reconstructed confocal
images of mitochondria showed tubular and reticular networks in resting conditions (A), and short and fragmented morphology upon 15-minute
glucose stimulation (B). Scale bar, 5 mm. (C) Cell counting for different mitochondrial morphologies revealed that the glucose stimulation-induced
mitochondrial shortening was reversible. The number of cells containing shorter mitochondria increased within 15 minutes of glucose stimulation
and decreased at 30- and 60-minute incubations. (D-F) Mitochondrial shape analyses: individual mitochondria plotted for their FF and AR showed
that many mitochondria in cells in a resting condition and following 60-minute glucose stimulation had higher values of FF and AR, whereas FF and
AR values of mitochondria at 15 minutes of glucose stimulation were clustered with lower values (D). Average FF (E) and AR (F) values demonstrated
that long mitochondrial tubules at resting conditions became short at 15-minute glucose stimulation and reverted back to elongated mitochondria
at 60-minute incubation. Error bars are SEM. n= 6, 9, and 6 for resting, 15 and 60 minute glucose incubations, respectively. **, P,0.01.
doi:10.1371/journal.pone.0060810.g002
Mitochondrial Fission Regulates Insulin Secretion
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mitochondrial membrane potential. Consistent with previous
reports [26], we observed slight but statistically significant
fluorescence quenching (,5%) upon glucose stimulation in control
cells, indicative of an increase of the inner membrane potential
(Fig. 5F). Only a small increase of the membrane potential with
glucose stimulation is likely due to the efficient coupling to ATP
Figure 3. Inhibition of mitochondrial fission eliminates the glucose stimulation-induced reversible change of mitochondrial
morphology. (A, B) Confocal images of mitochondria in resting (A) and glucose stimulated (B) conditions show long tubular morphology. Scale bar,
5 mm. (C) Cell counting showed that glucose stimulation did not change mitochondrial morphology when fission was inhibited (Ad-DLP1-K38A)
whereas glucose stimulation-induced mitochondrial shortening was observed in control cells (Ad-LacZ). (D) Morphometric analyses show that fission
inhibition prevented mitochondrial shortening upon glucose stimulation (Ad-DLP1-K38A). Error bars are SEM. n= 7 for Ad-LacZ resting and glucose,
and Ad-DLP1-K38A resting, and n=9 for Ad-DLP1-K38A glucose stimulation. *, P,0.05. **, P,0.01.
doi:10.1371/journal.pone.0060810.g003
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synthesis. In contrast, however, no decrease in fluorescence levels
was found in cells expressing DLP1-K38A with glucose stimulation
(Fig. 5F), suggesting that fission-deficiency causes a defect in
enhancing the inner membrane potential in response to glucose
stimulation. This observation is consistent with the finding that
DLP1-K38A cells are unable to augment ATP levels in increased
glucose concentrations. In addition, the lack of glucose-stimulated
elevation of membrane potential in DLP1-K38A cells suggests that
fission deficiency may cause alterations in the electron transport
chain (ETC) activity.
Inhibiting mitochondrial fission increases the
mitochondrial inner membrane proton leak to limit the
glucose-stimulated ATP enhancement
To gain mechanistic insight as to how the inhibition of
mitochondrial fission blocks the insulin secretion in glucose
stimulation, we assessed the ETC activity by measuring cellular
respiration. We found that increasing the glucose concentration
from 2 to 20 mM enhanced the oxygen consumption rate (OCR)
of INS-1E cells by 37% on average (Fig. 6A,B). This result
indicates that the glucose stimulation accelerates respiration to
increase the mitochondrial membrane potential and ATP
production necessary for insulin secretion. Next, we measured
respiration in DLP1-K38A-expressing INS-1E cells. We found
that 20 mM glucose stimulation still increased the OCR in DLP1-
K38A cells to the level similar to control (Fig. 6B), demonstrating
that inhibiting mitochondrial fission did not affect the glucose-
stimulated respiration increase. These data indicate that fission
inhibition does not alter glucose metabolism and the reducing
equivalent input into the ETC. Interestingly, we found that fission
inhibition induced a small but statistically significant increase of
the basal OCR (see Discussion). We further analyzed cellular
respiration with oligomycin and the protonophore FCCP.
Oligomycin blocks proton reentry through the F0F1-ATPase,
and thus oxygen consumption in the presence oligomycin
represents the mitochondrial inner membrane proton leak. In
the presence of oligomycin, oxygen consumption rates were
decreased in both control cells and cells expressing DLP1-K38A.
However, DLP1-K38A-expressing cells revealed a substantially
higher OCR than control cells in the presence of oligomycin
(Fig. 6B). These data indicate that inhibition of mitochondrial
fission increased the inner membrane proton leak. The maximum
respiration rate of DLP1-K38A-expressing cells in the presence of
FCCP showed no discernable difference from control cells,
suggesting that the ETC of DLP1-K38A cells is functionally intact
and maintains the normal capacity (Fig. 6A,B). Addition of
antimycin A completely blocked oxygen consumption
(OCRAA= 0), indicating a negligible level of non-mitochondrial
use of oxygen in INS-1E cells. The calculated leak ratio, the ratio
of the leak rate to the maximum rate (OCROlm/OCRFCCP),
showed a significant increase of proton leak in cells expressing
DLP1-K38A (Fig. 6C). An increased inner membrane proton leak
in the metabolism-secretion coupling would result in futile proton
pumping of the ETC without producing sufficient ATP. These
results demonstrate that inhibition of mitochondrial fission induces
the inner membrane proton leak, limits the glucose-stimulated
ATP production, and blocks insulin secretion. The results
described in this study indicate that dynamic change of
mitochondrial morphology in glucose stimulation is necessary for
insulin secretion activity of INS-1E cells by controlling mitochon-
drial ATP production.
Figure 4. Inhibition of mitochondrial fission blocks the
glucose-stimulated insulin secretion but does not affect the
KCl-induced insulin secretion. (A) Glucose stimulation for 30
minutes induces insulin secretion in control cells (Uninfected and
GFP) whereas fission inhibition (DLP1-K38A) decreased the secreted
insulin level to that of resting conditions. (B) Insulin secretion was
presented as % content, showing diminished levels of secreted insulin
in cells infected with Ad-DLP1-K38A in stimulations with both 12 mM
and 20 mM glucose. In contrast, KCl stimulation increased insulin
secretion in both control and Ad-DLP1-K38A-infected cells. Error bars
are SEM. n = 6 and 9 for glucose and KCl stimulations, respectively. ***,
P,0.001 and ****, P,0.0001. (C) The amounts of secreted insulin
normalized against total protein. There is no significant difference
between control and fission inhibited cells in the amounts of secreted
insulin at basal conditions (2 mM Glucose) and with KCl stimulation
whereas DLP1-K38A-expressing cells show greatly decreased insulin
levels with glucose stimulations.
doi:10.1371/journal.pone.0060810.g004
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Discussion
Mitochondrial oxidative phosphorylation is a critical element
for the metabolism-secretion coupling of pancreatic b-cells. In this
study, we newly identified mitochondrial morphology change as
previously unrecognized factor participating in GSIS. We
observed mitochondrial shortening upon glucose stimulation
through the fission process, and preventing this morphological
Figure 5. Fission inhibition limits mitochondrial ATP producing capacity as well as membrane potential increase in response to
glucose stimulation. (A) Oligomycin treatment for 10 and 30 minutes drastically decreased the ATP contents in INS-1E cells. (B, C) ATP contents
measured at different times of glucose stimulation showed that ATP increase was restricted to the first 30 minutes of the stimulation. Error bars are
SEM. n = 6. ***, P,0.001 by one-way ANOVA. (D) Inhibition of mitochondrial fission (Ad-DLP1-K38A) prevented the glucose-stimulated ATP
production whereas it did not affect ATP levels in resting conditions. ATP contents were measured at 30 minutes of glucose stimulation. GS, glucose
stimulation. Error bars are SEM. n = 4. *, P,0.05. (E) Mitochondrial membrane potential assessed by TMRE at basal conditions. The difference in mean
TMRE fluorescence measured before and after FCCP addition (DFTMRE) showed no difference in cells expressing LacZ and DLP1-K38A. Error bars are
SEM. n = 25. (F) Glucose stimulation quenches Rhodamine123 fluorescence in control cells but not in DLP1-K38A-expressing cells. Fluorescence at
every 10 seconds was normalized against the fluorescence value at basal conditions (F0) to express changes of fluorescence (F/F0). Control cells
showed statistically significant decrease in rhodamine123 fluorescence upon 20 mM glucose addition (P=0.00001 by one-way ANOVA) whereas no
significance fluorescence decrease was observed in DLP1-K38A-expressing cells (P=0.80566, one-way ANOVA). Error bars are SEM, n= 4.
doi:10.1371/journal.pone.0060810.g005
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change blocked GSIS. Interestingly, mitochondrial shortening was
transient as mitochondria became elongated again by 30 minutes
of glucose stimulation. GSIS has been shown to be biphasic in
which the first phase occurs rapidly within 10 minutes by secreting
the readily releasable pool of insulin vesicles at the plasma
membrane whereas the second phase secretion involves new
insulin synthesis and vesicle packaging through the secretory
pathway [38,39]. Although it is unclear whether the biphasic
property of insulin secretion is preserved in INS-1E cells, rapid
increase and decrease of mitochondrial shortening in glucose
stimulation suggest a potential correlation of this morphological
change with the rapid release of insulin vesicles. Nevertheless,
cellular ATP levels calculated for 15-minute increments in the 60-
minute glucose incubation revealed that glucose stimulation
increases ATP production only within the first 30 minutes with
little ATP increase in the next 30 minutes. This temporal profile of
ATP levels in glucose stimulation correlates to some degree with
the glucose-induced morphological change of mitochondria.
These observations suggest that there is a close form-function
relationship of mitochondria during GSIS and this morphological
change may reflect the functional state of mitochondria. Previous
ultrastructural observations of isolated mitochondria revealed that
highly coupled state 3 mitochondria were more condensed and
electron dense [40]. More recent electron tomographic analyses
indicate that mitochondrial internal structure changes dynamically
and is closely associated with functional states of mitochondria
[41]. The mitochondrial morphology that we observed in glucose-
stimulated INS-1E cells appeared tightly contracted, possibly
representing energetically active, condensed mitochondria.
Recent studies indicate that elongated tubular mitochondria
may produce more ATP as shown in cells under nutrient
starvation, stress, or the S phase of the cell cycle [42–44]. On
the other hand, our observations suggest that increased capacity of
ATP production may be associated with short and condensed
mitochondrial morphology in glucose stimulated INS-1E cells.
However, the glucose-induced morphological change in INS-1E
cells was a transient event in which long tubules become short,
followed by recovery to elongated tubules within 30 minutes, the
time frame in which the increased ATP production was observed
(Fig. 2). Because two components of mitochondrial morphology,
short and long tubules are both present in this time frame, it is
difficult to conclude which mitochondrial form is representative of
the more active state. Precise temporal analyses of mitochondrial
morphology and function during early glucose stimulation will
provide more information regarding the mitochondrial form-
function relationship. Alternatively, it is also possible that
mitochondrial morphology responds differently to different stimuli
or stresses, producing similar energetic conditions under distinct
morphologies.
An important finding in this study is that inhibition of
mitochondrial fission blocks GSIS. It is possible that fission
inhibition simply causes mitochondrial dysfunction and blocks
GSIS. However, there are conflicting data about whether lack of
fission alters mitochondrial function or not [45,46]. It has been
shown that mitochondrial fission is closely associated with
mitochondrial quality control and inhibiting mitochondrial fission
can accumulate dysfunctional mitochondria [23]. Indeed, down-
regulation of the fission protein Fis1 attenuated mitophagy and
significantly decreased GSIS in rat insulinoma cells [23]. It cannot
be ruled out that DLP1-K38A may decrease mitophagy and
contribute to the diminished GSIS observed in the current study.
In addition, other studies also showed that altered mitochondrial
fission or fusion influenced GSIS [19,24,25]. Wollheim’s group
speculated that GSIS is related to cytoplasmic mitochondrial
Figure 6. Inhibiting mitochondrial fission increases the mitochondrial inner membrane proton leak. (A) Oxygraphs showing oxygen
consumption profiles of control (Ad-GFP) and fission inhibited (Ad-DLP1-K38A) cells. (B) Glucose stimulation increased the OCR in both control and
fission inhibition. DLP1-K38A-expressing cells showed higher OCR in the presence of oligomycin. OCR values with different treatments are shown in
the table. Error bars and ranges are SEM. n = 7. *, P,0.05. (C) Leak ratio was calculated as the proportion of the leak respiration (OCROlm) out of the
maximum leak respiration (OCRFCCP). Cells expressing DLP1-K38A had the significantly larger leak ratio compared to control cells. Error bars are SEM.
n = 7. **, P,0.01.
doi:10.1371/journal.pone.0060810.g006
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volume rather than specific morphologies [19]. While these studies
clearly showed that altering mitochondrial morphology affects
GSIS, our studies provide new mechanistic insight for the role of
mitochondrial morphology in regulating insulin secretion in
pancreatic b-cells. Our data show that fission inhibition in INS-
1E cells has little effect on ATP production in resting conditions
and the ETC capacity judged by the FCCP-induced maximum
respiration, suggesting that ETC complex activities are largely
normal in the fission inhibited condition. Further respiration
analyses detected the increased inner membrane proton leak in
fission inhibition. Interestingly, this amount of proton leak did not
affect the basal level of ATP production, but only decreased the
glucose-stimulated ATP production. Respiration data indicate that
INS-1E mitochondria appear to have a relatively large reserve
capacity, as less than a half of the maximal capacity is used at
resting conditions. Because the detected increase of proton leak
(20–30%) falls within the reserve capacity, it is predicted that this
level of proton leak would be readily compensated and have a
minimal effect on the ATP production in basal conditions. Indeed,
we observed the increased basal respiration in fission inhibition,
indicating that the steady-state ATP production is maintained
through the compensatory respiration increase in resting condi-
tions. Upon glucose stimulation, however, the ETC activity is
pushed upward to utilize the reserve capacity and thus the effect of
the proton leak is magnified, which limits the glucose-stimulated
ATP production, resulting in decreased GSIS. Although less likely,
it is also possible that fission inhibition may directly affect the ATP
synthase activity, independent of proton leak, to decrease ATP
production in glucose stimulation.
The dominant-negative DLP1-K38A inhibits mitochondrial
fission and induces mitochondrial elongation, eliminating the
dynamic change of mitochondrial morphology in glucose stimu-
lation. We identified the increased inner membrane proton leak as
a mechanism blocking GSIS in fission inhibition. These observa-
tions suggest that the glucose-induced change of mitochondrial
morphology plays a role in controlling respiration coupling
efficiency. How respiration coupling is controlled through the
mitochondrial morphology change in glucose stimulation is an
open question. Perhaps, normal mitochondrial dynamics in resting
conditions represents a limited flux between partially coupled and
partially uncoupled states. On the other hand, shortened and
condensed mitochondria induced upon glucose stimulation could
be regarded as tightly coupled mitochondria as suggested above. It
has been speculated that mitochondrial morphology is related to
respiratory complex organization and substrate channeling
[10,47]. Possibly, the glucose-induced mitochondrial morphology
change may control the mitochondrial surface area to facilitate the
metabolic intermediate input and, at the same time, increase the
efficiency of the electron transport and the coupling to ATP
synthesis by reorganizing respiratory complexes.
The current study identified dynamic change of mitochondrial
morphology as a new component necessary for GSIS, providing
further evidence for the close form-function relationship of
mitochondria. Our data also provided mechanistic information
that this morphological change of mitochondria plays a role in
controlling respiration coupling, essential for insulin secretion in
response to increased glucose levels. Many questions still remain.
As discussed above, precise temporal resolution for mitochondrial
morphology change, ATP production, and insulin secretion would
provide useful information for how these components interface
one another in GSIS. Altered respiration coupling in fission
inhibition also provides a new insight for a mechanistic link
contributing to the mitochondrial form-function correlation.
Identifying the mechanisms of how mitochondrial shape change
participates in regulating the respiration coupling will be
important in understanding GSIS and the pathology of diabetes.
Materials and Methods
Cell culture
INS-1E cells [26], a well characterized clonal line derived from
rat insulinoma INS-1 cells, were cultured in complete medium
composed of RPMI 1640 supplemented with 5% heat-inactivated
fetal bovine serum, 1 mM sodium pyruvate, 50 mM 2-mercapto-
ethanol, 2 mM glutamine, 10 mM HEPES, 100 U/ml penicillin,
and 100 mg/ml streptomycin at 37uC in a humidified atmosphere
containing 5% CO2 as described [26]. For adenoviral infection,
INS-1E cells seeded and cultured for 2–3 days were infected with
appropriate adenovirus vectors. At 6 hours after virus addition,
cells were rinsed and further cultured in fresh media. Adenovirus
titers were obtained by an ELISA kit (Cell Biolabs, Inc.) that
detects the adenovirus Hexon protein in HEK293 cells. The titer
of Ad-DLP1-K38A was 2.561010 ifu/ml. Typically, adenoviruses
were infected at MOI of 10.
Insulin secretion assay
Before cell stimulation, INS-1E cells were incubated in serum
free culture medium containing 2 mM glucose for 2 hours at 37
uC. Then, cells were washed and incubated with Krebs-Ringer
bicarbonate HEPES buffer (KRBH, 135 mM NaCl, 3.6 mMKCl,
5 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgCl2, 1.5 mM
CaCl2, and 10 mM HEPES, pH 7.4, and 0.1% bovine serum
albumin) plus 2 mM glucose for 30 min at 37uC. Cells were then
stimulated with 12 mM glucose, 20 mM glucose or 30 mM KCl
in KRBH buffer for indicated time. Where appropriate, cells were
pretreated for 10 minutes with FCCP (1 mM), oligomycin (10 mM),
EGTA (5 mM), or nifedipine (10 mM) prior to glucose stimulation.
At the end of stimulation, the medium was collected and cleared
by centrifugation. Supernatants were assayed for insulin contents
using Mercodia rat insulin ELISA (Mercodia, Uppsala, Sweden).
Secreted insulin levels were presented as % content or normalized
against total cellular protein concentration.
Mitochondrial morphology analyses
INS-1E cells expressing mitochondrially targeted GFP were
fixed in 4% paraformaldehyde for 20 minutes at room temper-
ature. When necessary, cells were permeabilized with 0.1% Triton
X-100 and immunostained for DLP1 using rabbit anti-DLP1
antibodies and anti-rabbit Alexa 594 antibodies. Cells were
observed and analyzed using Olympus FV1000 laser scanning
confocal microscope or epifluorescence microscope (Olympus
IX71). Mitochondrial morphologies were categorized into ‘Tu-
bules’, ‘Intermediates’, or ‘Fragments’, and cells containing these
morphologies were counted and expressed as a percent of the total
cell count. More than 200 cells were counted for each counting
and the experiments were repeated 3–6 times. For computer-
assisted morphometric analyses, equalized fluorescent intensity
representing mitochondria were acquired using a convolve filter
through the NIH-developed ImageJ software (Wayne Rasband,
NIH). After threshold, individual mitochondria were analyzed for
form factor (FF: the reciprocal of circularity value) and aspect ratio
(AR: major axis/minor axis) [34]. Both parameters have a
minimal value of 1 when it is a perfect circle and increase as
mitochondrial shape becomes long and complex.
Cellular ATP measurement
Total cellular ATP concentrations were determined using an
ATPLiteTM luminescence assay system according to the manu-
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facturer’s instructions (PerkinElmer) and normalized by total
protein concentration. Cells were treated with oligomycin (10 mM)
to assess mitochondrial ATP production.
Membrane potential measurements
The mitochondrial inner membrane potential was assessed
using TMRE and Rhodamine123. Cells were incubated in the
medium containing 2 mM glucose for 1 hour prior to loading with
TMRE (50 nM) or Rhodamine123 (10 mM) for 20 minutes.
TMRE fluorescence was imaged in KRBH plus 2 mM glucose
using a rhodamine filter set by fluorescence microscopy. The inner
membrane potential was presented as a difference of mean
fluorescence intensity measured before and after FCCP addition
(DFTMRE). To detect fluorescence quenching/dequenching, cells
loaded with Rhodamine123 were stirred in KRBH plus 2 mM
glucose in a cuvette, and fluorescence emission at 535 nm was
measured with 480 nm excitation in sequential additions of
glucose (20 mM) and FCCP (5 mM) (Black-Comet Spectrometer,
StellarNet, Inc.).
Respiration measurement
To determine cellular respiration, oxygen consumption rates
were measured in whole cells by using a Clark-type O2 electrode.
Cells expressing GFP or DLP1-K38A were stirred in a sealed
chamber at 37uC in respiration medium (KRBH plus 2 mM
glucose) and the decrease of the O2 concentration was measured as
cellular oxygen consumption. Once constant rate was reached in
basal conditions (2 mM glucose), glucose was added to a final
concentration of 20 mM to measure the glucose-stimulated
respiration. Oligomycin was added to measure oxygen consump-
tion in the absence of the ATP synthase activity and FCCP to
assess maximal respiration. For titration, OCR was measured with
different concentrations of oligomycin and FCCP (Fig. S4). OCR
was normalized by the number of cells in the chamber.
Statistical analyses
Error bars in all graphs represent standard error of the mean
(SEM). Two-tailed unpaired t-test was used to compare the two
groups and one-way ANOVA to compare multiple groups. The P
value was calculated with Microsoft Excel and StatPlus. P,0.05
was considered as statistically significant.
Supporting Information
Figure S1 INS-1E cell viability assessment in different glucose
concentrations. (A) Trypan blue exclusion assays of INS-1E cells
incubated in 2, 12, and 20 mM glucose concentrations for 0.5, 1,
and 2 hours showed more than 96% cell viability in all incubation
conditions (P=0.75575 by one-way ANOVA). (B) Propidium
iodide staining of cells incubated in the same conditions as (A)
showed less than 1% of dead cells in all incubations (P=0.40877
by one-way ANOVA).
(TIF)
Figure S2 Mitochondrial morphologies categorized in INS-1E
cells. INS-1E cells containing long tubules of networks (A;
‘Tubules’), short tubules and small spheres (B; ‘Fragments’), and
intermediate tubule length or the mixture of tubules and fragments
(C; ‘Intermediates’). Bottom panels are enlarged images of boxed
regions.
(TIF)
Figure S3 DLP1-K38A expression. The dominant-negative
DLP1-K38A mutant was expressed in INS-1E cells for 48 hours
by adenoviral infection. Endogenous DLP1 appeared diffuse in the
cytosol in this magnification (A). Overexpression of DLP1-K38A
induced the formation of bright DLP1-containing aggregates in
the cytoplasm (B). Inset shows the DLP1 immunoblot of cell lysates
from control and DLP1-K38A-expressing cells. The molecular
weight of the overexpressed DLP1-K38A protein is higher due to
the use of a larger spliced variant for mutagenesis.
(TIF)
Figure S4 Titration of oligomycin and FCCP. OCR was
measured with INS-1E cells in different concentrations of
oligomycin (A) and FCCP (B). Concentrations higher than 1–
2 mM showed maximal efficacy in both oligomycin and FCCP for
decreasing and increasing the OCR, respectively.
(TIF)
Video S1 Confocal 3-D reconstruction for mitochondria in INS-
1E in resting conditions
(AVI)
Video S2 Confocal 3-D reconstruction for mitochondria in INS-
1E at 15 minutes of glucose stimulation
(AVI)
Video S3 Confocal 3-D reconstruction for mitochondria in INS-
1E expressing DLP1-K38A in resting conditions
(AVI)
Videos S4 Confocal 3-D reconstruction for mitochondria in
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